Abstract-The effect of starting materials Ba-Ti-O compound mixture, 2BaTiO 3 +7TiO 2 (type A) or BaTi 4 O 9 +BaTi 5 O 11 (type B), on the characteristics of the Ba 2 Ti 9 O 2 0 materials was investigated. Both materials can be sintered to the same high density (>96% T. D.) with the same large dielectric constant (K = 35 ∼ 38). While the microwave dielectric constant (K) of the materials are not sensitive to detailed microstructure of the samples, the Q × f -value of the materials correlates with the microstructure of the samples closely and therefore varies appreciably with the processing details. Comparing with the "two-step densification processes", the "one-step densification processes" improved pronouncedly the characteristics of the type B materials, but degraded markedly those of the type A materials. The possible explanation for such a phenomenon is that direct sintering of type A mixture requires complicated reaction steps to form the Hollandite-like phase and thus leads to non-uniformed microstructure, which results in inferior microwave properties.
constant (K) and quality factor (Q × f ) of the Ba 2 Ti 9 O 20 samples were measured using a cavity method at 7-8 GHz [8] .
Ba 2 Ti 9 O 20 MATERIALS PREPARED FROM TYPE A MIXTURE
Pure Hollandite-like structure is obtained for the 1250∼1350 • C sintered type A samples, regardless of the densification process used for preparing the materials. However, the XRD peaks of the "one-step processed" samples are slightly broaden, which could be due to the incomplete reaction of BaTiO 3 & TiO 2 phases or the partial dissociation of Ba 2 Ti 9 O 20 phase (not shown). Both processes densify the materials efficiently, such that the samples achieve a density higher than 96% T. D. (theoretical density) when sintered at a temperature higher than 1250 • C/4 h in air. The sintered density increased moderately with the sintering temperature and reached 97.8% T. D. when 1350 • C/4 h (air)-sintered (Table 1 (a)), regardless of the densification process. Table 1 : The characteristics of the type A Ba 2 Ti 9 O 20 materials, which were prepared from 2BaTiO 3 +7TiO 2 compound mixture and were sintered by "one-step densification routes" or "two-step densification routes". a One-step process: the pellets were pre-reacted at 1000
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• C for 6 h and then sintered at 1300∼1400
• C for 4 h; Two-step process: the powder mixture were calcined at 1000
• C for 6 h and cooled to room temperature; pelletized and then sintered at 1300∼1400
• C for 4 h.
The densification process imposes pronounced effect on the microwave dielectric properties of the materials. The microwave dielectric constant (K) and the quality factor (Q × f ) of the materials increased moderately with the sintering temperature and is around K = 38.8 for 1350 • C/4 hsintered type A samples. The microwave dielectric constant (K) of "one-step processed" samples is about 2∼3% lower that that of "two-step processed" ones (Table 1( b) ), whereas the Q × fvalue of the "one-step processed" type A materials is about 7∼8% higher than that of the "twostep processed" ones (Table 1(c)). For the samples sintered at 1350 • C/4 h, the quality factor is (Q × f ) A1 = 30, 000 GHz for "one-step processed" materials and is (Q × f ) A2 = 28, 000 GHz for "two-step processed" ones.
The SEM microstructure of these samples was examined in order to understand the genuine factor resulting in better Oxf-value for "one-step processed" samples. Figure 1(a) shows that the granular structure of the "two-step processed" type A materials is quite uniform and the grains are of rod-shaped geometry with small aspect ratio (length/diameter around 2∼3). The grains, which are of roundish-geometry with very small size (3 × 1 µm) for 1250 • C-sintered samples, grows monotonously with temperature to about 7 × 1.8 µm in size, with the geometry of the grains transformed into faceted-one for 1350 • C-sintered samples. Such a result implies that better development of the microstructure is possibly the factor resulting in the higher Q × f -value for the 1350 • C-sintered type A samples, as compared with those sintered at lower temperature, since all the samples possess the same high density (>96%T. D.) and are of pure Hollandite-like phase. However, detailed examination indicates that there exists some abnormally grown grains in these materials (circled, Fig. 1(a) ). Moreover, SEM micrographs in Fig. 1(b) illustrate that "one-step process" results in even more complicated microstructure for the 1350 • C-sintered type A materials. Most of the grains are of small rods-geometry with large aspect-ratio (4 × 1.4 µm) and there exists large proportion of large rod-shaped grains with small aspect-ratio. Direct sintering these materials at 1400 • C results in even more complicated microstructure. There exists long-rods (12.0 × 2.0 µm), short rod (2.8 × 1.4 µm) and equi-axis (∼ 1.2 µm) grains.
Previous studies [7] revealed that, for the type A materials (2BaTiO 3 +7TiO 2 ), the perovskite The reaction sequence during sintering of the type A materials are schematically depicted in Fig. 2 (a), which shows that the 1000 • C-calcined powders used for pelletizing the type A samples still contain large proportion of BaTiO 3 , TiO 2 and BaTi 4 O 9 phases, in addition to the partially transformed Ba 2 Ti 9 O 20 phases. These mixture will experience many reaction steps, including the formation of Hollandite-like phase at 1100 • C, before starting the densification process. The complicated reaction process occurred in type A materials usually induces the non-uniformity in chemical composition and possibly formed the residual TiO 2 and BaTi 4 O 9 aggregates (Fig. 2(b) ). Therefore, local melting phenomenon is expected due to the peritectic reaction between TiO 2 and Ba 2 Ti 9 O 20 phases [9, 10] , when the type A materials were fired at too high temperature (e.g., 1400 • C). • C/4 h, in the "two-step densification process".
In contrast, the type B powders, which are mixture of BaTi 4 O 9 and BaTi 5 O 11 , are readily forming the Ba 2 Ti 9 O 20 phase at 1025 • C (Fig. 2(c) ). Therefore, the initial stage of sintering process, i.e., necking of particulates, is expected to occur slightly earlier for the type B materials and the grains grow slightly larger after sintering, as compared with those for type A materials. Moreover, the chemical composition for type B materials is much more uniform and can withstand higher sintering temperature, since there is no complicated reaction occurred before the onset of densification process among the Hollandite-like materials. Basically, Hollandite-like phase was resulted for the type B materials, no matter whether they were synthesized by "one-step process" or by "two-step process" (not shown). No secondary phase or peak broadening occurs for these samples due to the simplification of reaction sequence.
The characteristics of the type B Ba 2 Ti 9 O 20 materials prepared by "one-step process" and "twostep process" are shown in Table 2 . Both processes densify the type B materials efficiently, such that all the samples possess very high density and large dielectric constant, i.e., D > 97% T. D. and K > 38.5 (Tables 2(a) & 2(b) ), regardless of the densification process. However, "one-step process" leads to markedly better Q × f -value for the type B Ba 2 Ti 9 O 20 materials, as compared with the conventional "two-step process" ones. Table 2 (c) shows that the Q × f -value for "two-step processed" type B materials increases from (Q × f ) B 1300 = 28, 000 for 1300 • C-sintered samples to (Q × f ) B 1350 = 30, 500 for 1350 • C-sintered ones and decreases slightly to (Q × f ) B 1400 = 28, 000 for the 1400 • C-sintered ones. In contrast, the Q × f -value for "one-step processed" type B materials increases monotonously with sintering temperature, reaching a Q×f -value as high as (Q×f ) B 1400 = 33, 800 for 1400 • C-sintered type B materials (Table 2(c)). Table 2 : The characteristics of the type B Ba 2 Ti 9 O 20 materials, which were prepared from BaTi 4 O 9 +BaTi 5 O 11 compound mixture and were sintered by "one-step densification routes" or "two-step densification routes".
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Figure 3(a) shows that the granular structure for the type B materials is markedly more uniform than that for type A materials. The grains are also of rod-shaped geometry with small aspect ratio and the grain size increases moderately with sintering temperature, which correlates very well with the increase of Q×f -value with the sintering temperature for the type B materials. For the samples sintered at 1350 • C/4 h, the grains of the type B materials are about the same size as that of type A materials (∼ 3.0 × 1.5 µm). But abnormally grown grains, which occurred to type A materials, was not observable for type B ones. SEM micrographs in Fig. 3(b) illustrates that "one-step process" improves profoundly the uniformity of granular structure for type B materials. The 1350 • C-sintered materials contain grains of short-rod geometry with small aspect-ratio (3.0 × 1.5 µm). But no abnormal grain growth phenomenon was induced even for 1400 • C-sintered samples (not shown), except that the average grain size of the samples increases slightly, to 7.0 × 3.0 µm. These results imply that "one-step sintering process" results in superior microstructure for the type B materials, although it leads to inferior granular structure for the type A materials, as compared with those prepared by "two-step sintering process".
The above-described results support the argument that the improvement in granular structure of the samples, rather than the higher sintered density, is the prime factor resulting in superior quality factor (Q×f -value) for the type B materials. However, the attempt to improve the granular structure of the materials by sintering the samples at higher temperature (1400 • C/4 h) is not successful. The type A materials melted (not shown), such that, the K-and Q × f -properties of the materials are seriously degraded and are not measurable. For type B materials prepared by "two-step process", the samples were not melted but there appears large proportion of abnormally grown grains (not shown). Both phenomena result in deleterious effect on the microwave dielectric properties for the type B materials. In contrast, for type B materials prepared by "one-step process", the samples still preserve uniform granular structure even when they were sintered at 1400 • C/4 h and, thereafter, leads to superior Q×f -factor to the other samples (Q×f = 33, 800 GHz, Table 2 (c)). In summary, effect of starting compound mixtures on the characteristics of Ba 2 Ti 9 O 20 materials were systematically investigated. Both the materials prepared from the 2BaTiO 3 + 7TiO 2 (type A) and BaTi 4 O 9 +BaTi 5 O 11 (type B) mixtures can be densified to a high density ( 96%), possessing high microwave dielectric constant (K = 35 ∼ 38), regardless of whether they were prepared by "1-step densification" or "2-step densification" processes. The type B materials show most uniform microstructure and exhibit the highest Q × f -value (Q × f = 33, 800 GHz). It is ascribed to the simplicity in reaction routes for the formation of the Ba 2 Ti 9 O 20 Hollandite-like phase from BaTi 4 O 9 + BaTi 5 O 11 mixture, which results in better granular structure for the materials.
